Advances in 3-dimensional
(3-D) seismic technology
over the past 25 years
have enabled oil and gas
producers to evaluate
prospects more effectively,
drill fewer exploratory
wells, and develop fields
more efficiently. The result
is decreased environmen-
tal impact and increased
profit. To establish a visual
orientation of the subsur-
face without drilling,
energy waves directed
downward through the
earth’s strata are reflected
off the rock layers and
sent back to the surface.
The resulting data under-
go complex processing
and interpretation and
provide explorationists
with a 3-D visual charac-

terization of the subsur-

face’s geological features.

This allows detailed
assessment of the oppor-
tunities and risks of devel-
oping a reservoir, an
increasingly important
capability as the search for
resources pushes into new
exploration frontiers, such
as deepwater and subsalt

formations.

EXPLORATION

3-D Seismic

Two decades of successively better geologic interpretation
demonstrate tangible results and environmental benefits

From 2-D to
3-D technology

NTIL THE 19608,

developers had to rely
on inaccurate, low-resolution
analog data in planning their
exploration investments. In
the 1970s, improved 2-D seis-
mic techniques enabled
explorers to characterize sub-
surface opportunities with
greater effectiveness. Now,
with 3-D seismic, they can
establish more accurate 3-D
characterization of geologic
structures. Reservoir charac-
terization is key across all
stages of a hydrocarbon field’s
life. Seismic information,
critical during the exploration
and appraisal phase, is now
used for development until

the field is abandoned. In the
last 20 years, the discovery
cost has decreased from $20
per barrel with 2-D seismic to
just under $5 per barrel with
3-D seismic. Better geologic
representations, coupled with
advanced drilling and pro-
duction technologies, also
lead to increased recovery
efficiencies.

Several major improvements
in 3-D surveying occurred
during the 1990s, in seismic
data acquisition, processing,
computer hardware, and
interpretation and display.
Particularly remarkable have
been the hardware improve-
ments. Within the last five
years, recording systems have

increased capacity from 48 to
2,000 channels, as many as 32
seismic data lines can be
recorded in a single pass, and
satellite navigation systems
have evolved to pinpoint
accurate positioning of
sources and receivers. At the
same time, technological
improvements have reduced
computing time and lowered
costs. 3-D stack-time migra-
tion can now be performed in
a few hours on massively par-
allel processors, and between
1980 and 1990, costs dropped
from $8 million to $1 million
for a so-square-mile survey
using 3-D post-time depth
migration. By 2000, costs for
an equivalent survey are
expected to be near $90,000.
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3-D seismic has now gained
widespread acceptance.
Whereas by 1980 only 100
3-D seismic surveys had been
done, by the mid-1990s an
estimated 200-300 3-D seis-
mic surveys were being con-
ducted annually. Offshore
growth has been tremen-
dous: in 1989, only 5 percent
of the wells drilled in the
Gulf of Mexico were based
on 3-D seismic data; by
1996, nearly 80 percent used
3-D seismic. Onshore, 75
percent of all surveys were
conducted with 3-D seismic

by 1993.

Answering environmental
and safety challenges
Today, producers are work-
ing to assess and minimize
the impact of 3-D seismic
equipment and crews on

Aylor, W. The Business Impact
and Value of 3-D Seismic. OTC
7960, 1996.

Aylor, W. Role of 3-D Seismic in
Exploration Turnaround. Oil &
Gas Journal, 3/1/98.

Barr, F. New Seismic Technique
Is Improving Hydrocarbon
Recovery. Journal of Petroleum
Technology, 7/96.
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sensitive environments.
Explosives used to generate
sound waves recorded by a
seismograph can now be
replaced where necessary by
vibrating technology that
sends an acoustic signal.
Offshore seismic surveying
now relies on the use of
compressed air guns to
ensure protection of marine
life. Depending on the kind
of information needed, the
geology expected, the
nature of the field, and the
costs, 3-D seismic explo-
ration can be customized to
protect the specific terrain.
For example, in mountain-
ous terrains, standard seis-
mic techniques (2-D)
required densely gridded
surveys for accurate geologic
descriptions. 3-D acquisition
techniques allow for more
widely spaced, less invasive
surveys while providing bet-
ter quality data.

Advancements in 3-D data
processing also allow for
survey acquisition in areas
congested with urban or
industrial noise sources.

Locke, S. Advances Reduce Total
Drilling Costs. The American Oil
& Gas Reporter, 7/98.

Hansen, W. Reducing the Impact
of 3-D Seismic. SPE 35812, 1996.

Nesser, D., and J. Pohlman.
Offshore Seismology Today:
More, Better, Faster, Cheaper.
Offshore, 3/98.

Success in the Field

3-D seismic highly effective for portfolio
management at Amoco

Amoco Corporation established an exploration drilling success
rate of 48 percent for its 3-D seismic exploration activities
between 1990 and 1995. By contrast, its exploration success rate
for wells drilled without the benefit of 3-D seismic was only

13 percent. To evaluate the effectiveness of using 3-D, data were
collected on 159 seismic surveys and a control group of 15 other
prospects. 3-D proved extremely valuable at defining geometries,
particularly in the North Sea and Gulf of Mexico. Where con-
ventional surveying turned up eight prospects, 3-D narrowed
these down to two. In addition, while all eight had been given
an economic success probability of between 22 and 53 percent,
3-D seismic correctly predicted that the two selected had a poten-
tial success rate of 6o percent.

METRICS

Exploration success in
the United States

Advances in 3-D seismic and drilling and completion
technology dramatically increased drilling successes.
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Three-dimensional (3-D)
seismic technology has
revolutionized oil and gas
exploration and served as
a springboard to visualiza-
tion technology. Now
emerging visualization
and 4-D time-lapse moni-
toring technologies are
improving interpretation
of the data 3-D seismic
imaging provides.
Invaluable in locating
bypassed reserves in exist-
ing formations and discov-
ering new resources, seis-
mic reservoir characteriza-
tion can now incorporate
perceptual cues such as
projection, lighting and
shading, depth, motion,

and transparency. This

technology enables a
more consistent, detailed
picture of a complex for-
mation. 4-D monitoring
goes one step further,
providing a dynamic
picture of hydrocarbon
flows and other reservoir
changes over time,
information valuable for
both exploration and
reservoir management of

existing resources.

EXPLORATION

4-D Visualization

Evolving seismic technologies improve accuracy and
interpretation, allowing operations to be tailored to
protect the environment

Adding a fourth
dimension—time
ETROLEUM ENGI-
neers, geologists, and
planners have a far better
understanding of the geologic
structures of potential hydro-
carbon-bearing formations
now that reservoir images are
projected in three dimen-
sions. Four are better still,
largely due to DOE-supported
research. A reservoir’s fluid
viscosity, saturation changes,
temperature, and fluid move-
ments can be analyzed by
time-lapse monitoring in
three dimensions. The time-
lapse picture is built out of
data re-recorded at intervals,
compared and plotted by
computer onto a 3-D model.
Engineers can view changes

occurring over time and link
these to static and dynamic
reservoir properties and pro-
duction techniques. They can
then follow the consequences
of their reservoir management
programs and make predic-
tions as to the results of
future activities. 4-D monitor-
ing is an offshoot of the com-
puter processing techniques
developed for 3-D seismic
interpretation.

With improved visualization
techniques, petroleum engi-
neers, geologists, and geo-
physicists are integrating
many types and ages of data
(well logs and production
information, reservoir tem-
peratures and pressures, fluid
saturations, 2-D and 3-D

seismic data) into time-lapse
imagery and reservoir perfor-
mance modeling. As this
time-dependent tool is ¢
orrelated with physical data
acquisition, more accurate
characterization of subsurface
reservoirs will be possible,
pushing maximum recovery
efficiencies.

Geologists and planners are
better able to understand the
structure of promising forma-
tions. As computing science
advances, further gains will be
made. Already, audio technol-
ogy is being added, both for
controlling images and pre-
senting complex geological
data so that scientists can
share data in real time from
remote locations.
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EXPLORATION

Success in the Field
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4-D seismic in Indonesia

The Duri field in central Sumatra was the first 4-D project of its
kind. Today over 6o time-lapse projects follow its lead. Producing
300,000 barrels of oil per day, the PT Caltex Pacific Indonesia
project is the largest steamflood in the world. In 1992, Caltex
began 4-D recording in a series of eight surveys to determine
whether time-lapse could successfully monitor a steamflood. The
goal: to improve oil recovery and cut energy use. The data gener-
ated helped direct the injection process and identify both swept
and unswept zones. Due to the project’s success, Caltex started
baseline surveys in six new areas, and other companies are also
initiating use of time-lapse monitoring.

Gras, Cox, and Sagert. 3-D
Visualization, Automation Speed
Interpretation Workflow. World
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Tool. Oil & Gas Journal, 5/20/96.

Tippee, B. Immersive
Visualization Provides an
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Drilling Costs. The American Oil
& Gas Reporter, 7/98.

Immersed in 3-D visualization at ARCO

The ultimate formation viewing experience is to be immersed in
a walk-in virtual reality cube that replicates geophysical features.
In ARCO’s Immersive Visualization Environment, images from
projectors and mirrors outside the cube are projected onto three
10-foot walls of seamless screens. An electromagnetic tracking sys-
tem orients the viewer’s perspective, and stereoscopic goggles use
alternate left- and right-eye images and infrared timing devices to
create 3-D effects.

ARCO’s exploration teams have used the facility to study data
from the North Sea, Alaska’s North Slope, and a project near the
Philippines, using its superior visualization capabilities to produce
solutions to drilling problems. In the North Sea’s Pickerill field,
for example, drilling plans for a multilateral hole were complicat-
ed by pressure changes among the reservoir’s different compart-
ments and drilling hazards above the reservoir. Adjustments to
the original drilling plan were dictated by judgments made in the
Visualization Environment, avoiding potential problems.

METRICS

Estimated recovery for oil-in-place
at BP Amoco/Shell’s Foenhaven field
in offshore U.K.
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Used in conjunction with
other exploratory tech-
niques, such as 3-D seis-
mic imaging, remote sens-
ing systems detect and
map concentrations of
hydrocarbons with greater
accuracy than other tech-
nologies alone, and with
less environmental
impact. Technologies such
as satellite imagery, aero-
magnetic surveys, and
gravimetry are now being
applied by the largest

exploration companies to

attempt to detect the ver-

tical or near-vertical
migration of oil and gas to
the earth’s surface and
help identify promising
geologic structures. These
systems measure gases,
solids, and liquids, using
their physical properties to
attenuate or reflect beams
of electromagnetic energy.
Resulting geophysical data
are processed into easily
understood images and
maps, and form an inte-
gral part of current
onshore and offshore
programs throughout

the world.

EXPLORATION

Remote Sensing

Remote exploration helps pinpoint hydrocarbon resources,
pollution sources, and sensitive environments

Enhanced satellite
imaging systems

PTICAL SATELLITE

imagery has been the
predominant source of data
for identifying and mapping
onshore geology since the
early 1970s, when the first
Landsat Earth Observation
satellite was launched. Today,
satellite imagery, onshore and
offshore, is also provided by
radar satellites very sensitive
to the earth’s surface con-
tours. For example, various
types of satellites can see
through 70 feet of clear water
and up to 20 feet beneath the
surface. Early optical satellites
depended on visible or near-
infrared light to collect energy
reflected from the earth’s
surface. By contrast, radar

satellites emit energy at
microwave frequencies,
enabling them to acquire
imagery under nearly any
atmospheric condition.
Sophisticated digital image
processing systems can now
convert and sort raw satellite
data into thematic maps that
point to the location of pro-
ductive formations, even
detecting oil and gas seepages
that indicate migration path-
ways from undrilled traps.
Similarly, remote sensing
techniques can also identify
hydrocarbon spills and leaks
in remote areas, such as along
pipelines.

Current multispectral satel-
lites such as the Landsat
Thematic Mapper create

images by gathering up to
seven bands of light spectra in
prism-like fashion. In 2000,
when the U.S. Navy plans to
launch its Navy EarthMap
Observer satellite, an exciting
new satellite technology
called hyperspectral analysis,
accessing upwards of 200

bands of light, will further

increase imaging accuracy.

Improved aeromagnetic
surveys

Initially developed for mili-
tary applications, aecromag-
netic surveying has evolved
into a productive exploration
technology that can recognize
the magnetic signature of
potential hydrocarbon-bearing
basins from altitudes over
10,000 feet. Using a
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magnetometer mounted on
a magnetically cleaned air-
craft, explorers are success-
fully mapping sedimentary
anomalies critical to oil and
gas exploration, detecting
salt/sediment contact, min-
eralized shear zones, and
intrasedimentary markers.

Recent improvements in
magnetometer design, digi-
tal signal processing tech-
niques, and electronic navi-
gation technologies, in
combination with faster
sampling of the magnetic
field and the use of more
detailed survey grids, allow
mapping of subtle magnetic
signatures. These advances
improve the interpretation
and visualization of

geological data.

Measuring gravity to gauge
resources

Gravimetry measurement is
now derived from both
satellite and airborne obser-
vations. Gravity anomalies
can be measured and
mapped to give geoscientists
an idea of the size and
depth of the geological

structures that caused them.

Corbley, K. Landsat Images
Assist in Mapping Caspian
Bathymetry. Oil & Gas Journal
Offshore, 7/1/97.

Detecting the Sleeping Giants of
the Caspian—from Space.
Offshore Magazine, 7/1/98.

Koger, D., and R. Dodge. Geosat
Starts Up R&D on Exploration
Sector. Oil & Gas Journal,
10/5/98.
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Satellite gravity imaging
uses radar to measure undu-
lations in the sea surface
that reflect density varia-
tions in the earth’s upper
crust. This technology
enables mapping of areas of
mass deficit, where sedi-
mentary deposition is likely
to have occurred. Identifi-
cation of such areas gives
explorers a better idea of
where hydrocarbons may be
located.

Putting it all together
Exploration companies like
BP Exploration, Exxon,
Mobil, Texaco, Unocal, and
RTX are tailoring their
remote sensing programs to
combine technologies as
needed. Recent advances

in radar imaging and
sophisticated image-process-
ing packages, combined
with satellite-derived gravity
and bathymetry data, for
example, present new
opportunities to use remote
sensing for deepwater
exploration. Remote sensing
is now considered critical to
such operations. It is also
extraordinarily cost-effective.

Petzet, G. Explorers Look
Toward Better Remote Sensing
Data. Oil & Gas Journal, 3/9/98.

Remote Sensing Terminology.
Journal of the Air and Waste
Management Assoc., 11/91.

Wagner, M. Radar Imaging
Matched with Gravity and
Bathymetry. Oil & Gas Journal
Offshore, 5/1/98.
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Success in the Field

Kazakhstan

Al

(’ Turkmenistan

Satellites help explore in the Caspian Sea

After water-level changes along the shallow coast of the Republic
of Kazakhstan made their bathymetric maps obsolete, Oryx
Energy and its exploration partner, Exxon, turned to remote
sensing to gauge depths. Water depth fluctuations caused by
wind can make movement of seismic and drilling equipment
challenging. With satellite image processing technology, the team
created new bathymetric maps (e.g., the 12,200 square km
Mertvyi Kultuk block, some 30 km south of the giant Tengiz field)
and used these maps to position a successful new drilling program
in one of the world’s most productive oil exploration areas.
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Now that most easily
accessible domestic
resources have been dis-
covered, oil and gas
explorers are investigating
the promising but more
inaccessible resources
beneath saltsheet forma-
tions in the Gulf of
Mexico. Large, irregular
saltsheets may cover 60
percent of the slope
beneath the Outer
Continental Shelf in the

Gulf and are found

throughout the world.

Advances in 3-D imaging
technologies are crucial to
providing reliable images
of what lies below the
thick layers. A 3-D
prestack depth migration
method of seismic data
processing and an advanced
marine magnetotellurics
technique are now making
it possible to image the
structure and thickness of
subsalt sediments.
Together, these technolo-
gies provide sufficient
information to help locate
new oil or gas deposits,
estimated at 15 billion bar-
rels of oil equivalent in the

Gulf of Mexico alone.

EXPLORATION

Subsalt Imaging

Interpretation of formations hidden under layers of salt
allows more accurate siting of new reserves

Getting under the salt
EVELOPING IMAGES
of subsalt structures

poses a critical challenge to

exploration. Seismic imaging
is based on the transmission
of sound waves and analysis
of the energy that is bounced
back. But large amounts of
energy are lost when sound
waves pass through salt; thus,
an extremely strong seismic
source is required. Often seis-
mic data are incomplete, pre-
venting explorers from
obtaining accurate readings of

a structure’s shape and thick-

ness. Traditional imaging

methods cannot deliver accu-
rate readings when seismic
sources are blocked by salt
squeezed into sheets between
sediment layers from an
underlying salt base. The oil
and gas sandwiched between
the salt layers can only be

imaged by a combination of
advanced seismic source tech-
nology, complex mathemati-
cal modeling simulations, and
improved data processing and
imaging techniques. DOE’s
public/private Natural Gas and
Oil Technology Partnership
has helped develop several
such technologies, among
them improvements to the
speed and reliability of 3-D
prestack depth migration,
which creates a coherent image
by processing as many as 25
million records.

Using electromagnetic
resistance

As a part of this DOE part-
nership, the National
Laboratories and industry are
currently investigating the
feasibility of marine magne-
totellurics, which is ideal for
subsalt exploration since it is

based on electrical resistance.
Because salt’s resistivity is

10 times greater than that of
surrounding sediments, the
contrast between salt and sed-
iment resistance to low-fre-
quency electromagnetic radia-
tion from the earth’s ionos-
phere makes it easier to map
the extent and thickness of
salt structures.

Stealth imaging breakthrough
The latest technology used

to enhance seismic data is

3-D full tensor gradient (FTG)
imaging, originally developed
by the U.S. Navy during the
Cold War for stealth sub-
marines. A 3-D gradiometer
survey takes real-time mea-
surements of very small
changes in the earth’s gravity
field, each relaying informa-
tion directly related to mass
and geometry of subsurface
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geological bodies. FTG pro-
vides the depth and shape
of almost any geological
structure, independent of
seismic velocities, allowing
geoscientists to develop
more complete images of
complex salt formations.
Two field tests have

© SPE, 1993

Camp, W., and D. McGuire.
Mahogany Field, A Subsalt
Legend: A Tale of Technology,
Timing, and Tenacity. Houston
Geological Society Bulletin,
10/97.

Coburn, G. 3D Full Tensor
Gradient Method Improves
Subsalt Interpretation. Oil & Gas
Journal, 9/14/98.

Cold War Stealth Technology
Can Aid Seismic Interpretation.
Journal of Petroleum
Technology, 1/98.

EXPLORATION

demonstrated a significantly
improved view of the Gulf’s
subsalt geology, and FTG
promises to be an affordable
tool with which to enhance
existing 3-D seismic imaging
technology in salt forma-
tions around the world.

Earth View Associates. Subsalt
Exploration Methods
Information Brochure.

Hoverston, G., et al.
Magnetotellurics for Petroleum
Exploration. Case for Sea MT.

Minerals Management Service.
Gulf of Mexico OCS Region,
Subsalt Exploration.

Petzet, G. Anadarko Find,
Technology Gains Renew
Subsalt Hopes. Oil & Gas
Journal, 8/17/98.

Success in the Field

United States

Gulf of
Mexico

Beneath the Mahogany field salt

Drilling beneath the salt formations of the Gulf of Mexico, an
exploration play spanning 36,000 square miles south of the
Louisiana coast, began in the 1980s. A decade of unsuccesstul
exploration followed, and it took advanced subsalt technologies to
break through the visual block. Nine subsalt discoveries were
drilled in the play from 1990 to 1996, representing a phenomenal
success rate of 35 percent. The centrally located Mahogany field
(the Gulf’s first commercial subsalt play) was discovered in 1993,
and four wells were completed by 1997, now flowing at a daily rate
of 15,000 barrels of oil and 35 million cubic feet of gas. Mahogany
field’s total reserves are estimated at 100 million barrels of oil-
equivalent, and total recovery from this and the Gulf’s other sub-
salt discoveries is estimated to be 650 million energy equivalent
barrels, resources that would have remained inaccessible without
advanced subsalt imaging technology. A new discovery, the
Tanzanite field, is estimated to hold reserves of 140 million barrels
of oil-equivalent. Due to the size of this discovery, subsalt explo-
ration in the Gulf is likely to remain active. Future subsalt technol-
ogy advances may be the key to discovering other large untapped
fields. As technology progresses, so will resource recovery.

Prutzman, J., and G. Coburn.
Technology Pinpoints Base of
Salt. The American Oil & Gas
Reporter, 7/98.
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